Bacterial endospores are some of the most resilient forms of life known to us, with their persistent survival capability resulting from a complex and effective structural organization. The outer membrane of endospores is surrounded by the densely packed endospore coat and exosporium, containing amyloid or amyloid-like proteins. In fact, it is the impenetrable composition of the endospore coat and the exosporium that makes staining methodologies for endospore detection complex and challenging. Therefore, a plausible strategy for facile and expedient staining would be to target components of the protective surface layers of the endospores. Instead of targeting endogenous markers encapsulated in the spores, here we demonstrated staining of these dormant life entities that targets the amyloid domains, i.e., the very surface components that make the coats of these species impenetrable. Using an amyloid staining dye, thioflavin T (ThT), we examined this strategy. This article describes the use of a benzothiazole dye, thioflavin T (ThT) (Fig. 1) , for expedient and facile fluorescence staining of bacillus endospores. Using fluorescence microscopy and spectroscopy, we examined the capabilities of ThT to stain the endospores of four bacterial species. Our findings showed that the observed efficient staining resulted from (i) an increase in the emission quantum yield of ThT upon its uptake by endospores and (ii) a high propensity of ThT to accumulate in the endospores.
This article describes the use of a benzothiazole dye, thioflavin T (ThT) (Fig. 1) , for expedient and facile fluorescence staining of bacillus endospores. Using fluorescence microscopy and spectroscopy, we examined the capabilities of ThT to stain the endospores of four bacterial species. Our findings showed that the observed efficient staining resulted from (i) an increase in the emission quantum yield of ThT upon its uptake by endospores and (ii) a high propensity of ThT to accumulate in the endospores.
Bacterial endospores are some of the most resilient living entities known (8, 14, 57) . Although the majority of the sporulating species are not virulent, spore-forming bacteria produce the most potent toxins known to humans, such as botulinum toxin (2, 55) . This potential threat of highly virulent biohazards, along with their resistance to treatment, places a demand for rapid and simple bioanalytical methods for detection of bacterial endospores. Such robust bioanalytical methods are not only essential for biodefense but also relevant to clinical and microbiological applications (1, 29, 66, 70) .
The classical technique of endospore detection uses malachite green dye to stain the endospore coat via thermal treatment or long incubation periods (71) . Genetic bioassays utilizing PCR have since evolved to provide the specificity required for identification of certain sporulating pathogens (5, 19, 52, 68) . Employing these techniques for detection of bacterial endospores, however, is a multistep process and requires prior sequence knowledge for the design of the primer (30, 44, 87) .
Other signal amplification techniques, such as enzymelinked immunosorbent assay (ELISA), provide sensitivity for detection of endospore pathogens with potentially high specificity, without tedious sample pretreatment (77, 80) . Endospore immunoassays, however, require (i) identification of a protein or another biomarker at the surface of the endospore particles and (ii) development of immunoglobulins (i.e., antibodies) for that surface biomarker (30, 65, 87) . In order to reliably identify endospores, the immunoassays often require a severalfold higher concentration than the infectious dose or several distinct antibodies to detect one of several strains of the same sporulating pathogenic species (18, 48, 65, 95) .
A variety of optical and mass spectrometry techniques have been explored for detection of bacterial endospores without requiring signal amplification biochemical reactions. For example, surface-enhanced Raman spectroscopy (SERS) brings the level of detection to a relatively low spore count and even to a single spore (64, 99) . Mass spectrometry provides a means for identification of macromolecular markers based on their exact masses (6, 78) . The specialized equipment that is needed, along with the complexity of the data analysis, has proven prohibitive for the wide deployment of such bioanalytical methodologies into the clinical field.
For the last decade, dipicolinic acid (DPA) has gained considerable popularity as a marker for the detection of bacterial endospores (16, 22, 25, 59, 67, 83, 92, 97) . Emission enhance-ment assays for DPA and bacterial endospores, utilizing lanthanide ions, were developed at the U.S. Army Research Laboratory at the end of the 20th century (59, 67) and were recently improved by a research team at the Jet Propulsion Laboratory (9, 10) . Up to about 20% of the weight of bacterial endospores can be attributed to calcium dipicolinate: i.e., DPA is a natural product observed solely in sporulated bacterial species (75, 76) . Furthermore, DPA has a high affinity for chelating lanthanide metal ions, such as terbium(III) (36, 37) . Excitation of the DPA ligands at about 270 nm to 280 nm, wavelengths at which the lanthanides do not exhibit allowed spectral transitions, permits selective photoexcitation of the DPA-chelated ions. This selective photoexcitation of DPA, followed by a fast energy transfer from the DPA ligands to the chelated ions, results in luminescence predominantly from the lanthanides that are in a complex with DPA.
These lanthanide emission assays are general for all bacterial endospores and do not provide discernment between virulent and benign sporulated species. However, the simplicity, cost efficiency, and relative sensitivity make these emission enhancement techniques a preferred choice for the first line of defense, that is, for monitoring the environmental endospore content. Abnormal fluctuations, such as an increase in the spore count in the environment, would call for deployment of more costly bioanalytical technologies with higher specificity. Due to their expedience and relative simplicity, lanthanide emission enhancement approaches are also deployed for assaying alternative biomarkers with clinical importance (16) .
The use of DPA as an endogenous biomarker requires sample pretreatment to lyse the endospores for extracting their content without chemically deteriorating it. The resilience of bacterial endospores, however, makes the DPA extraction step, which requires heat treatment, surfactant additives, or microwaving, a source of potential irreproducibility in the quantification of the results. Furthermore, the lysing of the endospores, as a pretreatment for extraction of the DPA, makes this bioanalytical approach unfeasible for imaging applications.
Alternative biomarkers, which are in abundance on the surface of the endospore particulates, will provide venues for facile detection without the requirement for lysing pretreatment of the samples. High-resolution scanning probe images, for example, revealed significant abundance of ␤-sheet amyloid-like proteins on the surfaces of bacterial endospores (60) (61) (62) (63) . Amyloid folds are, indeed, intricate components of bacterial cell walls and endospore coatings (17, 20, 23, 42, (60) (61) (62) (63) .
Amyloid fibrils are aggregated filamentous protein structures found in more than 20 diseases, including amyloidosis and several neurodegenerative disorders, such as Alzheimer's disease and Parkinson's disease (13, 23, 31, 51, 96) . The structural properties of amyloid fibrils and the kinetics of their formation have been objects of intensive investigation. Among the techniques developed in the field, amyloid fluorescence stains have served as the dominant method. Among the amyloid stains, thioflavin T (ThT) is the most widely used (7) . Furthermore, ThT does not interact with folded or partially folded monomeric proteins, soluble oligomers, or amorphous aggregates (49) . Changes in ThT fluorescence are imperceptible even if interactions with such impurities in the sample occur (43, 45, 49, 53, 56, 58, 89) .
Due to the relatively high inherent sensitivity of emission techniques, fluorescence staining and imaging are the foundation for widely preferred bioanalytical methodologies (47, 50) . Herein, we explored the possibility for fluorescence staining of bacterial endospores with ThT ( Fig. 1) . In this study, we focused on Bacillus subtilis and Bacillus globigii, which are phylogenetically related organisms that are frequently explored as models for virulent bacilli. In addition, we used Bacillus atrophaeus and Geobacillus stearothermophilus, which form relatively large endospores that are suitable for optical imaging.
For the staining, we relied on the specificity of ThT for amyloid folds as endogenous markers occurring on bacterial endospore surfaces and in the cell walls of vegetative bacteria. The lack of requirements for sample pretreatment not only provided expedience but also allowed for preserving the bacterial entities intact, which is essential for imaging. We observed a high contrast between the ThT-stained bacterial endospores and the free dye remaining in the surrounding solution (Fig. 2) . Therefore, a sample wash was not required after the staining and prior to imaging, which was another important factor contributing to the expedience of this approach. Our analysis revealed that the reasons for the observed high contrast of the fluorescence images of the bacterial species are (i) an increase in emission quantum yield of ThT upon binding to bacterial endospores and (ii) a high affinity of ThT for components of the examined bacterial species, leading to accumulation of the dye in the imaged bacteria: i.e., the concentration of ThT in the stained endospores was more than three orders of magnitude larger than the concentration of ThT in the surrounding staining solution. (11, 27, 54, 84, 85) . (For details, see the supplemental material.)
MATERIALS AND METHODS

Materials
Spectroscopy. Absorption spectra were recorded using a Jasco V-670 UVvisible-noninfrared (UV/Vis/NIR) spectrophotometer and a DU-640B Beckman spectrophotometer. Steady-state emission spectra were recorded using a Fluorolog-3-22 spectrofluorometer (Horiba Jobin Yvon), with slit widths between 2 and 5 nm, and a Felix/TimeMaster spectrofluorometer (Photon Technology International, Inc.), with a 10-nm slit width (32-35, 38, 40, 91) . The thioflavin T concentrations for all samples were estimated from the apparent molar absorption coefficient of ThT at a peak wavelength of 412 nm (36, 
RESULTS
Staining of bacterial endospores with ThT. Treatment of bacterial samples with ThT allows for visualization of the endospores via fluorescence microscopy, employing an excitation wavelength shorter than about 450 nm (Fig. 2) . For the staining, which tends to be completed in less than 5 min as we previously reported (86), we incubated the bacterial samples in dye solutions at micromolar concentrations. The background fluorescence from the ThT (free in solution) was significantly less intense than the fluorescence from the stained endospores (Fig. 3) . Therefore, no washing of the staining dye, which was left over in the sample solution, was required in order to attain good-quality images.
In fluorescence microscope images, the noise has direct current (DC) and alternating current (AC) components. The AC and DC contributions to the signal-to-noise (S/N) ratio were estimated separately using the noise amplitudes and the average heights, ͳhʹ, of the peaks on the traces crossing over imaged spores ( Fig. 3) :
where the multiple of 10 in front of the logarithms converts the units to decibels, and ͳ⌬hʹ ϭ ͳhʹ Ϫ A DC .
Signal-to-noise ratio analysis revealed key trends in the quality of the images recorded under different settings and staining conditions. As expected, the S/N ratio increased with the prolongation of the exposure time, S/Nϰ ͱexposure time. A 5-fold increase in the exposure time doubled the S/N DC and caused about a 30% increase in the S/N AC of images of spores suspended in 100 M ThT (see the supplemental material).
Imaging of relatively large bacterial endospores (i.e., endospores larger than about 1 m) revealed their contours and provided information about their shapes and dimensions (Fig.  2) . For organisms that form endospores with submicrometer dimensions, the size of the imaged endospores approached the diffraction limit of optical microscopy, and their shapes and dimensions could not be always extracted with sufficient precision (Fig. 4) . Examination of the fluorescence images of the stained bacterial endospores, which were large enough for visualizing their shapes via optical microscopy, revealed (i) consistently bright pixels following the contours of the endospores and (ii) bright spots distributed throughout the endospore images (Fig. 2) . The latter observation suggested a heterogeneous distribution of the endogenous biomarkers (e.g., ␤-sheet proteins) that are targeted by the amyloid stain. The former finding suggested that the coating layers of the endospores had a pronounced propensity for accumulating the staining dye. Our observation for surface accumulation of ThT was consistent with the abundance of ␤-sheet proteins found on the endospore surfaces (23, (60) (61) (62) (63) .
Amyloid-type proteins, however, are native not only to the endospore surfaces but also to the cell walls of vegetative bacteria (including the Gram-positive, spore-forming species) (17, 20, 23, 42) . While ThT provided an excellent basis for staining bacterial endospores with considerable ease (at ambient temperature and with no sample pretreatment or posttreatment), it also stained vegetative bacteria, both Gram positive ( Fig. 4c ) and Gram negative ( Fig. 4e and f) . The morphologies of vegetative bacterial cells and their endospores, however, are quite different, and they can be readily discerned from each other by comparing their shapes and sizes even when they are in the same sample (Fig. 4d, sporulating bacteria) .
Spore-induced emission enhancement of ThT. The brightness of a fluorescence image depends on the number of dye molecules at the focal plane (or in the vicinity of the focal plane) and on the emission quantum yield of the dye. The number of molecules within the focal volume of illumination (i.e., the local concentration of the dye) determines how much of the excitation light is absorbed. Concurrently, the emission quantum yield determines how much of the absorbed light is emitted by the dye (at wavelengths longer than the excitation wavelength, ex ). Therefore, potential reasons for the observed fluorescence staining of the bacterial endospores with ThT include an increase in the emission quantum yield of ThT upon binding to the endospores and accumulation of ThT in the endospores.
Upon addition of endospores to the ThT solution, we observed an increase in its emission intensity without significant change in its optical density at the excitation wavelength ( VOL. 49, 2011 AMYLOID STAIN FOR ENDOSPORE IMAGING 2969 quantum yield was one of the factors governing the observed emission enhancement upon endospore uptake of the dye. The observed emission enhancement phenomenon, induced by the endospore uptake, is consistent with the sensitivity of the photophysical properties of ThT to the viscosity of the environment: i.e., the emission quantum yield of ThT increases with the increase in the medium viscosity (72, 74, 81, 82, 88, 90) . Due to the single carbon-carbon bond between the two ring systems and the single carbon-nitrogen bond between the phenyl ring and the dimethyl amine (Fig. 1) , ThT is a molecular rotor (24, 73, 74, 81) . Similar to other chromophores that are molecular rotors (3, 4, 28, 39) within the lifetime of the lowest singlet-excited state of the dye, a viscous microenvironment slows and/or completely restrains the attainment of ThT conformers (i.e., rotamers) that have the density of vibrational states allowing efficient internal conversion to the ground state. Such viscosity-induced suppression of efficient nonradiative deactivation results in an increase in the emission quantum yield of ThT, as demonstrated by photophysical studies of this staining agent for solvent media with differing viscosities (82) . Binding of ThT to protein aggregates (or other macromolecular assemblies) has a restrictive effect on its modes of molecular motion that is similar to the effect of increased medium viscosity: i.e., the binding sites provide a microenvironment with relatively high effective viscosity and cause an increase in the fluorescence quantum yield of ThT (82) .
For micromolar dye concentrations, the extent of emission enhancement steadily increased with the increase in the spore count (SC) in the suspension (Fig. 6 ). This SC dependence of the emission intensity was consistent with an increase in the concentration of the spore-bound ThT, which has a larger fluorescence quantum yield than the free ThT in the aqueous media. The power law representing the relation between fluorescence intensity and fluorophore concentration (94) provided an excellent fit for the dependence of the observed emission enhancement on the spore count ( Fig. 6c) :
where F(SC) is the emission intensity of ThT for the spore count, F 0 is the emission intensity of ThT in the absence of endospores, and ⌬F and ␣ depend on the photophysical properties of the dye. As depicted by the Bouguer-Lambert-Beer law (also known as Beer's law), while absorbance at the excitation wavelength, A( ex ), is linearly proportional to the fluorophore concentration, A( ex ) is logarithmically related to the intensity of the absorbed light. Therefore, broadly used linear correlations between florescence intensity and fluorophore concentration are an approximation of a power law: i.e., F(SC) ϰ ␣SC is an approximation of equation 3. The fluorescence intensity, F(SC), depends on the concentration of ThT taken up by the endospores. Hence, for the spore count range, in which F(SC) versus SC follows the power law (equation 3), SC had to be linearly proportional to the concentration of ThT bound to the endospores. Statistical tests for the presence of autocorrelation features, not depicted by the data fits, provide the means for examining the appropriateness of the fitting models for the examined data sets. An ideal model for data analysis results in random distribution of the data points around the regressed values for the data fit function: i.e., the data fit residuals should not exhibit autocorrelation. Durbin-Watson statistics, DW, provide the means for examining the presence of autocorrelation. DW can assume values between 0 and 4; a DW close to 2 signifies no autocorrelation, and a DW close to 0 indicates a positive autocorrelation (15, 26, 69, 93) . In particular, a DW lower than a critical value with statistical significance ␣, dwL ␣,k , indicates a positive autocorrelation in the residuals from data fits with k regression parameters, in addition to the intercept. Concurrently, a DW of ϾdwU ␣,k indicates no autocorrelation. For linear fits, k ϭ 1, and for the nonlinear power function fits (equation 3), k ϭ 2. (The critical values dwL ␣,k and dwU ␣,k are obtained from Durbin-Watson significance tables for ␣, k, and for the number of examined data points n.) For the data set presented in Fig. 6b and c, ␣ ϭ 0.01 and n ϭ 9, dwL 0.01,1 ϭ 0.554 and dwU 0.01,1 ϭ 0.998 (for linear fits), and dwL 0.01,2 ϭ 0.408 and dwU 0.01,2 ϭ 1.39. For linear analysis, DW ϭ 0.841 (Fig. 6b) and dwL 0.01,1 Ͻ DW Ͻ dwU 0.01,1 indicated inconclusiveness in rejecting the presence of autocorrelation. Employing nonlinear analysis yielded DW ϭ 1.75 ( Fig. 6c) and DW Ͼ dwU 0.01,2 , proving a lack of autocorrelation with at least 99% certainty. This statistical analysis demonstrated the preferred feasibility for using a power law (equation 3), instead of linear relation, for correlating emission intensity with chromophore concentration. Binding affinity of ThT for endospores. In addition to the increase in the emission quantum yield of ThT upon binding to the endospores, accumulation of the dye in the endospores will also enhance the imaging contrast of the fluorescently stained species. The distribution coefficient, K D , for ThT allowed us to quantify the propensity of the dye to accumulate in bacterial endospores:
where C spore and C solution are the concentrations of ThT in the endospore and in the aqueous solution, respectively, after completion of the staining process. We incubated known amounts of endospores in ThT solutions with preset concentrations and absorbance (Fig. 7a) . After the incubation, we centrifuged the endospores and collected the supernatant. From the absorbance of the supernatant, we determined C solution (Fig. 7a) . The difference between the absorbance of the ThT prior to the endospore treatment and the absorbance of the supernatant allowed us to estimate the amount of dye that was bound to the endospores and removed from the solution via the centrifugation step. Therefore, C spore ϭ n ThT /n S V S , where n ThT is the moles of ThT bound to the endospores, n S is the number of endospores, and V S is the volume of a single endospore estimated from their images.
For B. globigii, we obtained a K D of 4 ϫ 10 3 (Fig. 7a) . For G. stearothermophilus, a similar approach of incubating 2 ϫ 10 7 spores ml Ϫ1 in a 17 M solution of ThT yielded a K D of 7 ϫ 10 3 . The measured distribution coefficient, K D , exhibited dependence on the spore count, SC, and on the initial dye concentration, C ThT (0) , in which the spores were incubated. An increase in C ThT (0) and a decrease in SC caused an increase in K D (Fig. 6b) . This concentration dependence of K D reflected the fact that a two-state/two-phase model (equation 4) did not encompass the complexity of the dye uptake by the endospores. Nevertheless, the estimated K D values ranged between about 10 3 and 10 4 , and these values were indicative of the high propensity of ThT to accumulate in bacterial endospores: i.e., the average concentration of ThT in the endospores exceeded by three orders of magnitude the dye concentration in the surrounding aqueous medium. Therefore, the fluorescence staining of endospores with ThT is driven not only by the increase in the emission quantum yield of ThT upon uptake but also by the high propensity of endospores to take up ThT.
Imaging in the presence of contaminants. Despite the established pronounced affinity of ThT for ␤-amyloid types of protein structures prevalent in endospores and in the cell walls of vegetative bacteria (17, 20, 42, (60) (61) (62) (63) , binding of the positively charged chromophore (Fig. 1) to a range of other macromolecular structures presents a limitation for employing ThT as a stain for biomedical and environmental samples.
We examined the capability of ThT to selectively stain bacterial endospores in the presence of the following: a biochemical contaminant, DNA; a biomedical contaminant, fetal bovine serum (FBS); and an environmental contaminant, humic acid (HA) (41, 79) . The presence of these contaminants, indeed, increased the level of background fluorescence as reflected by the decrease in the DC component of the signal-tonoise ratios (equation 1): S/N DC values were 5.5 dB Ϯ 1.7 dB, 2.5 dB Ϯ 0.2 dB, and 1.8 dB Ϯ 1.5 dB for the endosporecontaining DNA, FBS, and HA samples, respectively (see the supplemental material).
While phase-contrast and differential interference contrast (DIC) microscopies provide the means for visualization of bacterial endospores in relatively pure samples (12, 46, 98) , they fail when substantial amounts of particulate contaminants are present. Fluorescence microscopy of ThT-stained samples, on the other hand, appears to have the potential for visualizing bacterial endospores even when such contaminants are abundantly present.
DISCUSSION
In this study, we hypothesized that an amyloid histology stain, thioflavin T (Fig. 1) , allows for visualization of bacterial endospores via fluorescence imaging. To test this hypothesis, we employed a range of optical spectroscopy and microscopy techniques. The experimental evidence not only allows for accepting the hypothesis but also elucidates some of the governing processes leading to the desirable staining outcomes.
What is the relationship among the observations from the three different techniques, of spectroscopy, imaging, and dye distribution analysis? To answer this question, it is essential to consider the heterogeneous nature of the samples. The fluorescence spectra present the intensity of the light emitted from all dye molecules that are in the sample volume illuminated by the excitation beam. Therefore, the spectra encompass the emission from the weakly fluorescent ThT that is free in solution and from the strongly fluorescent ThT that is taken up by the endospores. By far, most of the dye molecules in the stained samples are free in solution (Fig. 7) . As previously reported, an increase in the medium viscosity causes an increase in the ThT fluorescence quantum yield (82), which is expected given the properties of chromophores, such as ThT, classified as molecular rotors (4, 81) . A viscosity-induced increase in the emission quantum yield of ThT amounts to about three orders of magnitude (82) . Therefore, due to the relatively viscous microenvironment of the dye molecules bound within the endospores, the free ThT in the aqueous medium has an emission quantum yield that is about two to three orders of magnitude smaller than the quantum yield of ThT taken up by the spores.
For example, in samples containing 10 6 spores ml Ϫ1 , the total volume of the spores is about 10 6 times smaller than the volume of the aqueous medium (i.e., the volume of a single spore is on the order of a femtoliter). The measured distribution coefficients, K D , of about 10 3 to 10 4 , indicate that in such samples only about 0.1% to 1% of the dye is taken up by the endospores. While the number of dye molecules in the aqueous medium is about 100 to 1,000 times more than the number of dye molecules in the endospores, the dye in the aqueous medium has a fluorescence quantum yield about two to three orders of magnitude smaller than that of the endospore-bound dye, which explains the relatively "moderate" emission enhancement (less than an order of magnitude for 10 6 spores ml Ϫ1 ) spectroscopically observed ( Fig. 5 and 6 ). For this discussion, we considered the presence of negligible perturbation in the absorption of ThT when binding to the spores (as evident from the absorption and excitation spectra [ Fig. 5a and 6a, respectively]), and we did not include the multiple pathways of excitation and emitted light due to the scattering nature of the samples.
Because an increase in C ThT (0) (within the micromolar range) tends to decrease K D (Fig. 7b) , the endospore-induced enhancement of the emission of ThT is more pronounced for lower dye concentrations (compare Fig. 5b to Fig. 6b and c) .
Thus, diluting the ThT staining solutions tends to improve the extent of the endospore-induced emission enhancement essential for spectroscopic and imaging applications. The sensitivity of the measurements, the background emission from endogenous fluorophores (no matter how weak it might be), the photostability of ThT, and the upper limit of K D impose limitations on how low C ThT (0) feasibly can be. We readily imaged endospores using 1 nM ThT (see the supplemental material), and we demonstrated excellent correlations between spore count and emission intensity for 1 M ThT (Fig. 6b ). These findings demonstrate an immensely wide working range of ThT concentrations, providing the basis for a broad applicability and optimization for each specific application that might resort to ThT-aided spectrofluorometry and imaging.
How do the images relate to the spectroscopic findings? The imaged contrast ratio between the fluorescence intensity corresponding to ThT-stained endospores, ͳ⌬hʹ ϩ ⌬I, and the emission intensity from the free ThT in the background, ⌬I (Fig. 3) , considerably exceeds one and even two orders of magnitude. The endospores, however, occupy only a few percent (or less) of the total area of the images. As a result, the cumulative intensity from the pixels corresponding to the stained endospores does not exceed by more than about an order of magnitude the cumulative intensity from the pixels corresponding to the image background. This trend is in agreement with the fluorescence enhancement observed from the spectral data.
Overall, the accumulation of ThT in the bacterial endospores increases the local dye concentration, followed by an increase in the amount of light absorbed and emitted by the stained endospores. The increase in the ThT emission quantum yield upon endospore uptake further enhances the intensity of the emitted light from the stained regions. The synergy between these two effects is essential for attaining images with sufficiently large signal-to-noise ratios, essential for visualization of bacterial endospores with acceptable contrast, especially when the background autofluorescence signal is prevalent.
Where does ThT bind? This study does not provide a direct answer. Indeed, ThT targets ␤-amyloid-type proteins with high affinity (43) , and bacterial endospores are coated with ␤-strand proteins as evident, for example, from high-resolution atomic force microscopy (AFM) images (60) (61) (62) (63) . These facts provide the rationale of this study for staining endospores with ThT, which targets their endogenous protein structures. The images of the ThT-stained endospores showed bright contours outlining their elliptical shapes, which is consistent with the dye collecting in the surface regions of the spores (where the high ␤-protein content has been demonstrated [60] [61] [62] [63] ), and with an increase in the fluorescence quantum yield of the dye bound to these endospore surface regions. Our evidence does not rule out the possibility for weakly fluorescent ThT present in the interior of the stained endospores. The pronounced density of intact endospores, however, suppresses facile diffusion of molecular species with the size of ThT into their interior (contributing to the resilience of these dormant species). Furthermore, unless endogenous fluorescence quenchers are present, the rigid interior of endospores entrapping the dye and re-2972 XIA ET AL. J. CLIN. MICROBIOL. straining its molecular motions will cause an increase in its fluorescence quantum yield (82) . Therefore, most probably, the emission intensity of the ThT-stained endospore images represents the dye distribution throughout these dormant bacterial entities. Furthermore, ThT staining did not noticeably affect the viability of bacterial endospores. Cell culture tests of endospores incubated in various concentrations of ThT revealed that staining with this dye does not compromise the ability of endospores to germinate (see supplemental material). Thus, ThT either does not bind to key components of the endospores essential for their germination or does not negatively affect these molecular components even if it binds to them.
What are the practical implications of the endospore-induced ThT fluorescence enhancement? The tight correlations between the emission enhancement and the spore count ( Fig.  5b and 6b) illustrate the applicability of the use of ThT for spectroscopic quantification of endospore suspensions. Such spectroscopic measurements, however, are immensely susceptible to the presence of contaminants, such as vegetative bacterial cells, environmental polymers, and blood proteins. Such restrictions, therefore, limit the ThT spectrofluorometry to pure endospore samples.
For imaging, on the other hand, ThT presents unexplored potentials. Based on their morphology, ThT-stained bacterial endospores are readily discernible in the presence of vegetative bacterial cells (Fig. 4) . Debris of lysed cells (due to sporulation, for example) does not compromise the visualization of the endospores (Fig. 4d) . Furthermore, staining with ThT provides means for facile visualization of bacterial endospores in the presence of macromolecular contaminants that not only enhance the ThT fluorescence but also contribute to the autofluorescence of the sample (see the supplemental material).
Speed and ease are the principal advantages of using amyloid stains for imaging bacterial endospores. The mild ambient conditions under which the administration of such stains is conducted along with the absence of any pre-and/or posttreatment steps provide important and unique capabilities for this approach of fluorescence imaging. Therefore, while classical methods for staining endospores, such as the Schaeffer-Fulton stain, require a series of thermal fixing and wash steps, mixing of the ThT solution with the bacterial sample without any further treatment allowed for simultaneous staining of vegetative bacteria and endospores during sporulation (Fig. 2d) . ThT amyloid stain provides an unprecedented facility for fluorescence imaging of bacterial endospores.
Conclusions. The ability of ThT to stain bacterial endospores was driven by its binding affinity and by the increase in its fluorescence quantum yield upon uptake. While a variety of stains for vegetative cells are available for bioanalytical assays and imaging with minimal treatment, the choice of methodologies for enhancement and visualization of bacterial endospores is somewhat limited. Our demonstration of fluorescence imaging with an amyloid histology stain exhibits venues for utilization of alternative endogenous markers (such as ␤-folded protein aggregates) for facile and expedient bioanalytical applications targeting bacterial endospores, known for their resilience and structural stability. We extend our gratitude to B. Hyle Park for the discussions on image analysis.
SUPPLEMENTAL MATERIALS AND METHODS
Materials.
For the imaging studies, thioflavin T (>95 % purity, Aldrich, Milwakee, WI) was used as received. For some of the spectroscopy studies, the dye was further purified via recrystallization as a hexafluorophosphate salt.
Comparison of the UV/visible absorption and emission spectra of the purified and the commercial-purity dye, however, did not reveal any detectable differences.
All other reagents, spectroscopic grade, were purchased from VWR and from Fisher Scientific. The buffered aqueous solutions were prepared using Millipore H 2 O and filtered through 0.2 µm polycarbonate syringe filters (Corning) before use. The notion of lowered protein binding affinity of ThT in acidic media (3), along with improved protein-induced fluorescence enhancement in slightly alkaline media (1), governed our choice of buffering the samples for this study at pH between 8.5 and 9. The absorption and excitation spectra showed that under the employed conditions, the used weakly alkaline media does not induce hydroxylation of ThT, as previously reported for elevated temperatures and prolonged exposure to aqueous media (2) .
For contaminant studies, the deoxyribonucleic acid (DNA) was extracted from and purified using QIAGEN Plasmid Maxi Kit (purchased from QIAGEN Inc., Valencia, CA), humic acid and fetal bovine serum were purchased from Fischer Scientific. Before assays, all suspended cultures were washed with ice-cold DDW at least 5 times. They were then kept at 2°C or on ice until use. Lyophilized endospores were resuspended and repeatedly washed with ice-cold deionized double distilled water. Prior to measurements, endospores or particles were transferred to the corresponding buffered dye-free solution, resuspended, sonicated 2-3 times (15 sec. per pulse) and kept on ice. After mixing with the dye stock solutions (in the same buffer or in water), the samples were sonicated 1-2 times. In several comparative experiments, Tween® 20 or Tween® 40 (7) (0.1 % w/v) or alcohol (20 -40 % v/v) was used to facilitate handling (resuspension washing and centrifugation) of several endospore samples; no essential difference was observed in the thioflavin T reactivity of the samples thus treated, as compared with the control.
Endospores were counted under a phase contrast microscope (Nikon, magnification × 400), using a PetroffHausser chamber (VWR). Concentrated endospore stocks were diluted toward final count 5×10 8 -3×10 9 per ml and stored up to one week at 2°C in the dark until use. Standard count error was 10 20 %. Phase-contrast microscopic appearance of the water-washed endospore samples before purification confirmed them as essentially pure (90 97 % endospores). Large (about 4 -10 m) endospore aggregates and other organic particles of uncertain origin (apparently resembling large particulates reported in previously examined endospore specimens (8) ) occurred in the lyophilized endospore samples in minor quantities. No vegetative cells were observed in endospore cultures studied.
Vegetative bacteria cultures: Escherichia coli (E. coli), TOP 10 cells, were obtained from Invitrogen (Carlsbad, CA); and wild type B. subtilis were obtained from ATCC (Manassas, VA). Primary Bacillus cultures (18 hrs) of vegetative bacteria were outgrown from endospores in 2 % LB medium (Sigma) at 30ºC. The cultures were then washed with plenty of cold DDW. They appeared under microscope as viable colonies of average size 2-10 cells, characteristic of Bacillus. These bacteria were then treated, counted, and directly assayed. For sporulation, the Bacillus vegetative cells were plated and grown on thin layers of LB Agar for 10 days at 37 °C, and the growth was swabbed to collect the formed endospores. (5) Contaminant samples. Large quantities of plasmid DNA were extracted from E. coli cells strain DH5a (transformed with NSP1 gene; Clone Id: YJL041W) using a standard QIAGEN maxi prep kit, and methods described in the QuickStart protocol handbook. The used buffer volumes were adjusted based on the size of the cell pellet. Concentration of the purified plasmid DNA was obtained spectroscopically via pre-calibrated standard curve. Plasmid DNA was used as a contaminant at a final concentration of 1 mg ml -1 , and was spiked with spores (or no spores added for controls).
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Humic acid contaminant samples were prepared at a final concentration of 1 mg ml -1 , without additional processing, and were spiked with spores if needed. Stock fetal bovine serum was diluted (1:1 v/v) with 2 mM Tris buffer, pH 8.5, and was spiked or not spiked with spores. The controls (samples without spores) and half of the spore-containing samples were stained with ThT for 5 minutes and imaged.
Optical imaging. Bright field and fluorescence images of bacterial samples were acquired using a Nikon Ti-U inverted microscope (Nikon Inc., Melville, NY), equipped with a 100× Nikon oil immersion objective (N.A. = 1.49, WD = 120 mm). A 100-watt Xenon arc lamp (LUDL Electronic products, Hawthorne, NY), in combination with a FITC filter set (l ex = 482, l em = 536 nm, band widths = 25 nm, Chroma Technology, Bellows Falls, VT), was used for fluorescence imaging. The images were recorded with a Hamamatsu EM-CCD digital camera (model C9100-13, Hamamatsu Corp., Bridgewater, NJ) controlled by HCImage application software; and saved in a 16-bit gray-scale format: i.e., 2 16 = 65,536 hues of gray for each pixel, where 0 corresponds to black (no signal) and 65,535 corresponds to white (maximum light intensity / saturation). Image analysis of the gray-scale distribution was performed using Igor Pro software v.6.02A (Wavemetrics) installed on Windows and Mac OS workstations as we have previously demonstrated.
Signal-to-noise ratios of images. The signal-to-noise ratios, S/N, were calculated from the horizontal or vertical gray-scale traces across each of the imaged spores ( Figure S1 ). While S/N is defined as a decimal logarithm of the ratio between the power of the signal and the power of the noise (that for the same image can be estimated from the square of the ratio between the amplitude of the signal and the amplitude of the noise), in the fluorescence microscope images the noise has direct current, DC, and alternative current, AC, components. The amplitude of the DC noise, A DC , is extracted from the dark background of the image ( Figure  S1b) ; and the amplitude of the AC noise, A AC , is estimated from the root-mean-square of the fluctuations of the background ( Figure S1c ):
where n is the number of "background" pixels analyzed and I i is the intensity of pixel i. The AC and DC contributions to S/N were estimated separately (eq. 1 and S1) using the noise amplitudes and the average heights, h , of the peaks on the traces crossing over imaged spores (Figure S1b, c) .
For each set of imaging conditions, we obtained the S/N values as an average of the gray-scale trace analysis ( Figure  S1 ) of at least ten imaged spores from multiple images, located in different quadrants of the images.
Spectroscopy. Absorption spectra were recorded using DU-640B Beckman spectrophotometer and JASCO V-670 UV/Vis/NIR spectrophotometer. Steady-state emission spectra were recorded using Felix/Timemaster spectrofluorometer (Photon Technology International, Inc.), using slit width 10 nm; and Fluorolog-3-22 spectrofluorometer (Horiba Jobin Yvon) using slit widths between 2 and 5 nm . All measurements were performed at ambient temperature, in polystyrene 2-sided and 4-sided cuvettes, with 1 cm optical paths (unless stated otherwise), after 10 -15 min. preincubation in dark. Calibration and purity confirmation measurements of thioflavin T were reproduced in quartz cuvettes. The thioflavin T concentrations for all samples were estimated from its apparent molar absorption coefficient at peak wavelength 412 nm (36,000 ± 500 M -1 cm -1 ) (3). Microplate reader fluorescence measurements with thioflavin T were performed in triplicates in black 96-well plates (Greiner), using SpectraMax Gemini XS fluorescence plate reader (Molecular Devices), at excitation wavelengths a b c 
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430 nm and emission wavelength 495 nm, with filter cutoff 475 nm, after 2 min. shaking and 15 min. pre-incubation in dark. The pH of the aqueous solutions was monitored using an Orion 420A pH meter. Data analysis and calculations were performed using Igor Pro software v.6.02A (Wavemetrics) installed on Windows and Mac OS workstations.
Dye distribution. The distribution coefficients, K D , are defined as the concentration ratios between the dye taken up by the spores and the dye remained in solution (eq. 3). The values of C SPORE and C SOLUTION were extracted from spectroscopic data.
The samples were prepared by incubating a 1 ml solution of varying concentrations of thioflavin T (ThT) with known count of bacterial endospores for 10 minutes under constant stirring. (The 10-minute period ensured completion of the staining processes, which we determined using kinetic measurements as we previously demonstrated .) The ThTendospore mixture was centrifuged for two minutes at 12,000 rpm, using Eppendorf Centrifuge 5415 with a rotational radius of 7.5 cm, and the supernatant was collected. (The spectra were averaged from at least three different experiments for the same species and spore counts.) Using the molar extinction coefficient values, ThT concentrations were estimated from the absorption spectra. For these studies, we selected dye concentrations and cuvette thicknesses that yielded absorbance values in the range between 0.10 and 1.0. For A < 0.1, less than 20 % of the light is absorbed by the sample; and for A > 1, the sample absorbs more than 90% of the light permitting analysis based on changes only within less than 10% of the incident light intensity.
Approximating the shape of the endospores to an ellipsoid (i.e., prolate spheroid), allowed us to estimate the volume of a single endospore, V S = (4/3) a 2 b, where a and b are the short and long elliptic radii, respectively, estimated from the images of the endospores. The decrease in the absorbance at 412 nm, after the incubation and centrifugation steps, provided information about the amount (moles) of dye taken up by the endospores. Dividing the amount of taken up dye by the endospore volume, yielded the average ThT concentration in the endospores, C SPORE (eq. 3). C SOLUTION needed for calculating the distribution coefficient (eq. 3) was obtained from the absorption of the supernatant.
SUPPLEMENTAL RESULTS
Staining of bacterial endospores with ThT. The dynamic range of the recording equipment placed limits on the S/N improvement resultant from extending the exposure time. Indeed, an increase in the exposure time increased not only the signal, but also the noise. For spore samples treated with 100 µM ThT, exposure time of 5 to 7 s allowed for attaining the maximum signal intensity, i.e., h 6×10 4 ( Figure 2d ). Extending the exposure time beyond 7 s, thus, did not increase the signal (i.e., led to saturation), but increased the noise, i.e., A AC and RMS ( Figure S2a) . As a corollary, extended exposure 
